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Analysis of stellar spectra with 3D and NLTE
models
Maria Bergemann
Abstract Models of radiation transport in stellar atmospheres are the hinge of mod-
ern astrophysics. Our knowledge of stars, stellar populations, and galaxies is only
as good as the theoretical models, which are used for the interpretation of their
observed spectra, photometric magnitudes, and spectral energy distributions. I de-
scribe recent advances in the field of stellar atmosphere modelling for late-type stars.
Various aspects of radiation transport with 1D hydrostatic, LTE, NLTE, and 3D
radiative-hydrodynamical models are briefly reviewed.
1 Introduction
Models of stellar atmospheres and spectral line formation are a crucial part of ob-
servational astrophysics. The models are our ultimate link between observations
of stars and their fundamental physical parameters. On the one side, the models
allow us to go from observable quantities, i.e stellar fluxes, spectral energy distribu-
tions, and photometric magnitudes, to physical parameters of stars, such as effective
temperature Teff, surface gravity logg, metallicity [Fe/H], abundances, rotation and
turbulent velocities. The atmospheric models also allow us to convert theoretical
bolometric luminosities from stellar evolution models to their observable quanti-
ties, theoretical colours, which are then compared with observations. E.g., model vs
observed colour-magnitude diagrams are used to determine distances and ages of
clusters and field stars. The shapes of stellar energy distributions (SED) serve as a
diagnostics of inter-stellar and circumstellar reddening. There are mass- and age-
sensitive diagnostics in stellar spectrum, such as the ultra-violet Ca H and K lines,
which may help to tell a young star from an old star. Detailed chemical abundances
are arguably the most important physical quantities, which can be only deciphered
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from a stellar spectrum. They link stellar properties to nucleosynthesis of elements
in the Big Bang, in stars at the end of their life-times, in violent explosions, caused
by stellar interactions, and by cosmic ray acceleration in the interstellar medium.
This connection forms the basis of important diagnostics methods to constrain for-
mation and evolution of stars, stellar populations, and galaxies.
In short, all fundamental physical stellar quantities critically depend on the mod-
els we use for the analysis of observations. Until recently, we could only use the
simplest 1D hydrostatic models in local thermodynamic equilibrium (LTE) for stel-
lar parameter determinations, for more sophisticated models were far too computa-
tionally expensive. Calculation of a 3D radiative-hydrodynamical (3D RHD) model
required months of CPU time, which was of little use for any practical application in
spectroscopic analysis. Moreover, the accurate solution of radiation transport even
in the time-independent scheme has been too demanding for quantitative applica-
tions. Non-local thermodynamic equilibrium (NLTE) calculations were disfavoured
for several reasons. First, inversion of large matrices in the complete linearisation
scheme (for solving coupled statistical equilibrium equations in non-LTE) was pro-
hibitive for atoms with complex atomic structure. Furthermore, lack of accurate ab
initio calculations or experimental atomic data lead to the need to introduce simpli-
fied treatment of several types of atomic processes in vastly more complex non-LTE
calculations, which caused a wide-spread misconception that non-LTE calculations
are of questionable advantage.
It is crucial to realise that non-LTE is not an approximation, in contrast to
LTE, which approximates all collision rates by the infinitely large numbers,
and fully ignores the influence of radiation field in stellar atmospheres on the
energy distribution of matter. One may however, solve time-dependent rate
equations, or drop the time dependence, which reduces the problem to solving
the equations of statistical equilibrium only (see below).
However, the theory of radiative transfer in stellar atmospheres is one of the most
mature fields in astrophysics (e.g. the fundamental work by Mihalas 1979) and the
numerical implementation of the theory has seen substantial improvement over the
past decade. Moreover, we have enough computational power to simulate stellar
convection in 3D and solve for radiative transfer explicitly taking into account the
interaction of gas particles with the radiation field. In this lecture I summarise the
main progress in modelling atmospheres and spectra of cool, FGKM, stars, that has
been made during the past decade, and provide a timeline for the developments in
the field which can be expected in the near future. I do not touch upon the problems
of radiative transfer in more complex cases, such as expanding supernova shells
(Lucy, 1999) or dusty AGB envelopes (Ho¨fner et al, 2003, and ref. therein), or
chromospheres (e.g. Hansteen et al, 2007).
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2 Basic considerations
The analysis of cool FGK stars meets with two main kinds of difficulties. These stars
have sub-surface convection zone and radiation field in their photospheres is highly
non-local. As a consequence, neither of the two classical modelling approximations,
LTE and 1D hydrostatic equilibrium, is valid and cannot be justified without detailed
ab initio theoretical calculations. An excellent review of NLTE and 3D simulations
from a theoretical perspective is given in the Annual Review articles by Mihalas and
Athay (1973) and Spruit et al (1990); a comprehensive summary of 3D and NLTE
in application to stellar abundance analysis is provided in Asplund (2005).
What is the reason for NLTE? A star is not a perfect black-body and radiation
field influences the physical state of matter and vice versa. Therefore, only consis-
tent NLTE radiative transfer will correctly recover the thermodynamic structure of
the atmosphere and thus the properties of its radiation field. In NLTE, the particle
distribution functions, i.e. the excitation and ionisation states, are influenced by the
radiation field that causes them to depart from the LTE values. Why this happens
is easy to understand. Stellar atmosphere is the region where radiation escapes into
ISM. Deep in the atmospheres, opacity is large and the photon mean free path is very
small. Radiation transport occurs over very small length scales, thus connecting gas
parcels with very similar thermodynamic properties.
The definition of a stellar surface is somewhat vague. Strictly speaking, this
is the boundary where material at the most transparent wavelength λ becomes
optically thin, τλ < 1. This wavelength is 1.6µm, where the H− opacity in
continuum is at its minimum, however, in practice this wavelength is rarely
used. It is more common to refer to the λ = 500 nm, where most of the flux
is emitted by a typical solar-like star, or to the Rosseland mean opacity, a
Planck-function weighted average over all frequencies.
Photon mean free path is the length scale over which thermalisation takes
place.
However, closer to the stellar surface photon mean free path λp becomes large,
larger than the scale height of material. Thus, as we move outwards, the decoupling
between radiation and matter increases, radiation becomes non-local, anisotropic,
and strongly non-Planckian. Many spectral lines form in NLTE showing shapes
which bear no resemblance with the line profiles predicted by classical LTE models.
For example, the Mg I line at 12 µm reverts to emission at the solar limb that can
be only accounted for by NLTE models. The effect on other spectral features is less
obvious, although it may still dramatically impact the line equivalent widths and
their detailed profiles, i.e. the total energy absorbed in a line (see next Section).
Another major source of complexity is convection. There are several observable
manifestations of stellar convection, the most prominent is stellar surface granula-
tion, which has been in the focus of observational research for more than a decade.
Fig. 1 shows a patch on the solar surface observed with the Swedish Solar Telescope
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telescope. The intensity fluctuations correspond to brighter granules and darker
inter-granular lanes. The brightness fluctuations are about 20%, while the actual
temperature contrast across the granulation pattern is about 25%. This mild depen-
dence of surface intensity variation on T is caused by the huge sensitivity of H−
continuum opacity to the temperature. The other key observable are the characteris-
tic C- and inverse C- shaped bisectors of the line profiles that are caused by up- and
down-flows (e.g. Gray et al, 2008). The bisectors can be best observed in the very
high-quality solar spectrum (Fig. 2).
Indeed, these beautiful observations motivated the development of complex 3D
radiative hydrodynamics (RHD) models (Nordlund et al, 2009) and even larger so-
lar telescopes, such as, e.g., the new German 1.5m GREGOR telescope. Inhomo-
geneities, spots, and convective motions were also resolved on the surfaces of red
supergiants (Buscher et al, 1990; Wilson et al, 1992; Tuthill et al, 1997; Wilson
et al, 1997; Young et al, 2000; Haubois et al, 2009; Ohnaka et al, 2009; Kervella
et al, 2009; Ohnaka et al, 2011, also see the first lecture in this series). More in-
teresting results about atmospheric structure and dynamics of cool stars will soon
come to light with new telescopes and missions, such as the Herschel Space Obser-
vatory (Teyssier et al, 2012). All these data will need complex theoretical models to
understand the physics underlying the observed phenomena.
3 Theory
What we are trying to understand is how the stellar light we detect with our instru-
ments, e.g. in the form of a spectrum, is created in a stellar atmosphere. Thus, the
essence of problem is to solve the radiative transfer equation, which describes the
temporal and spatial evolution of the radiation field Jν :
1/c
dIν
dt
+
dIν
ds
= ην −αν Iν (1)
where ds is geometrical path length along the beam, ην and αν are the monochro-
matic (linear or volume) emission and extinction coefficients. Clearly, the transport
of radiation depends on the medium in which it propagates. Thus, we also need a
model that describes the thermodynamic properties in stellar atmospheres, which
must include radiation transport.
There are several types of models, vastly different in complexity and computa-
tional burden: from the simplest 1D LTE hydrostatic models to the (presently) most
sophisticated 3D RHD LTE models with scattering. In all cases, the radiative trans-
fer is assumed to be quasi-static, i.e. the time derivative is neglected, which is not
a bad approximation because the photon propagation time is much shorter than the
fluid motion time. The computational timescales range from few seconds of CPU
to several months. In the next section, I will summarise the main ingredients of all
these model types without going into details of how the equations are solved (see
e.g. Mihalas 1979).
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Fig. 1 Solar granulation in the G-continuum (Nordlund et al, 2009). Observations were made
on the Swedish 1m Solar Telescope (Institute of Theoretical Astrophysics, Oslo). Reproduced by
permission from the authors and the publisher.
3.1 Classical 1D static model atmospheres
The simplest models are computed using the 1D hydrostatic LTE approximations.
We have to solve several equations:
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Fig. 2 Line profiles of the Fe I line at 6082 A˚ in the 3D RHD simulations of the solar atmosphere
(Asplund et al, 2000). Top panel: spatially-resolved profiles. Bottom panel: the line bisectors. The
thick lines on both panels indicate the spatially-averaged profile and theC-shaped bisector. The line
asymmetries are a consequence of blue- and red-shifts caused by the influence of the convective
velocity fields on the line formation. Reproduced by permission from the authors and the publisher.
1. equation of radiative transfer in the static, time-independent, case. For a plane-
parallel atmosphere with a geometrical depth z (it is straightforward to generalise
this to a spherically-symmetric case):
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cosθ
dIν
dz
= αν Iν −ην (2)
The equation describes a change of specific intensity Iν , as radiation passes
through a slab of a thickness dz. For the plane-parallel approximation, the lat-
ter is represented by the projection at angle θ between the direction of the
light beam and the z axis. The parameters αν and ην with dimensions cm−1
are the monochromatic linear extinction and emission coefficients; their ratio
gives a source function Sν =
ην
αν . In LTE calculations, the source function is
equal to the Planck function Sν = Bν if only true absorption and emission
processes are considered (strict LTE), or approximated by a two-level form,
Sν = (κνBν +σνJν)/(κν +σν), where κ is the true absorption and σ the scat-
tering coefficients. In ’less strict’ LTE, one may include, e.g. a coherent isotropic
scattering in continuum, e.g. Thomson scattering on electrons e−.
2. equation of flux constancy, or energy conservation:
F =
L
4piR2
= σT 4eff, (3)
where F is the bolometric flux, L the luminosity, R the stellar radius, and Teff
the effective temperature. In other words the divergence of the total energy flux
transported to the surface is zero, ∇F = 0 (see the next section on 3D RHD
models), and the total flux is equated to the integral flux from the surface of a
black body.
The total flux is usually taken to be the sum of convective and radiative compo-
nents, F = Fconv+Frad . The convective flux, Fconv, is needed because in deeper
atmospheric layers, energy is mostly carried by convection. In the standard
’mixing-length’ type approximations, Fconv ∼ αMLTHp , where Hp is pressure scale
height and αMLT the mixing-length parameter. There are attempts to calibrate the
mixing length parameter based on 3D models (see next Section).
3. radiative equilibrium equation1:∫ ∞
0
ανJν(τ)dν =
∫ ∞
0
ανSν(τ)dν (4)
where τ is the optical depth, Jν the mean intensity averaged over all directions,
and Sν the source function. The left-hand side of the equation can be viewed as
radiation ’sink’ term, and right-hand side is the radiation ’source’ term, which
in LTE is usually equal to the Planck function (see the next section for how
this is treated in 3D RHD models). In the calculations of energy balance with
1D hydrostatic models, it is presently possible to evaluate detailed opacity on
more than 105 wavelength points (e.g. Gustafsson et al, 2008; Grupp, 2004).
This samples the majority of the atomic and molecular lines, which contribute to
the opacity under conditions typical of a late-type star.
4. equation of hydrostatic equilibrium:
1 Assuming that energy is transported by radiation only.
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∇Ptot =−ρGMrr2 , (5)
where ρ is the density, Mr mass at the radius r, ∇Ptot = ∇Pgas+∇Prad , i.e the
sum of gas and radiative pressures. The latter can be expressed as:
∇Prad =−1/c
∫ ∞
0
(κν +σν)Fνdν (6)
Gas pressure is balanced by the gravitational attraction, which does not change
with depth in plane-parallel models. In spherically-symmetric models, g= g(r),
thus mass (M) and luminosity (L= 4pir2F(r)) are constant throughout the atmo-
sphere. Note that there are some variations, e.g. some models include a turbulent
pressure term, ∇Pturb ∼ ρυ2t , where υt is the characteristic velocity, which may
be used e. g. in very extended atmospheres (red giant branch or red supergiant
stars) to approximate the levitation of the photosphere, the effect of 3D hydro-
dynamics. For detailed numerical schemes and practical implementation of the
equations, the reader is referred to Kurucz (1993), Grupp (2004), Gustafsson et al
(2008).
With the 1D hydrostatic approximation, it is also possible to compute fully-
consistent NLTE models including the feedback on the atmospheric structure. Such
models can be computed with the PHOENIX code (Baron and Hauschildt, 1998),
which is very versatile in its applicability. In NLTE, PHOENIX includes more than
20 elements in the rate equations. NLTE model atmospheres, because of the UV
overionization in Fe, lead to warmer outer atmospheric layers with respect to LTE
for stars with Teff >∼ 5400 K (Short and Hauschildt, 2005, 2009). However, surface
cooling by∼ 150 K is predicted for the cooler stars, like the RGB star Arcturus (Fig.
3, top panel), which is caused by the UV over-ionisation in the bound-free edges of
Mg, Si, and Al. This has a major impact on the UV fluxes of cool stars (Fig. 3,
bottom panel).
3.2 3D RHD model atmospheres
Full time-dependent, 3D, RHD simulations of radiative and convective energy trans-
port in stellar atmospheres exist since more than 2 decades. The seminal papers in
this field are Nordlund (1982), Stein and Nordlund (1998), and Spruit et al (1990).
3D RHD models have substantially gained in complexity since then (e.g. Nordlund
et al 2009, Chiavassa et al 2011, Collet et al 2011, Beeck et al 2012), in partic-
ular in the treatment of radiation transport. More details about the state-of-the-art
models and their application to modelling stellar spectra will be given in the next
section, here I only briefly review the equations of radiative hydrodynamics, needed
to compute the models.
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Fig. 3 NLTE model atmospheres (top) and synthetic spectra (bottom) for Arcturus, a very cool
RGB star (dark - LTE, light - NLTE). NLTE∗ refers to the NLTE calculations with an ad-hoc
kinetic temperature structure adjusted to fit the near-UV SED; note however that the fit in the
optical has degraded. Reproduced by permission from the authors (Short and Hauschildt, 2009)
and from the publisher.
The main difference with respect to hydrostatic models (see above) is that one
solves time-dependent fluid-hydrodynamics equations for compressible fluid flow.
In Eulerian form, the equations are:
1. the equation of continuity or mass conservation
∂ρ
∂ t
=−∇ · (ρυ ), (7)
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where υ = υ (x,z,y, t) is the velocity vector. The equation essentially means that
in the ascending flow, the rapid decrease of density can be balanced by the rapid
expansion sideways.
2. equation of motion
∂ρυ
∂ t
=−∇ · (ρυυ )−∇P−ρ∇Φ−∇ · τvisc, (8)
where P is the gas pressure, Φ the gravitational potential, τvisc the viscous stress
tensor. The first term on the right-hand side is the divergence of the vertical com-
ponent of Reynold’s stress tensor, i.e. the force density on the fluid due to the
turbulent fluctuations. Under the assumption of slow and bulky fluid motions,
one simply recovers the equation of hydrostatic equilibrium (eq. 5).
In the ’box-in-a-star’ simulations, the gravitational potential is a constant, so
dΦ/dz = −g, surface gravity. Box-in-a-star simulations are usually applied to
modelling solar-like stars (e.g. Stein and Nordlund, 1998).
In contrast, in the ’star-in-a-box’ setup, the simulation box includes the whole star
(e.g. Freytag et al, 2012). In the ’star-in-a-box’ regime, one assumes a spherical
potential in the form:
Φ =− GM
(r40 + r
4/
√
1+(r/r1)8)1/4
(9)
where r0 and r1 are the so-called ’smoothing parameters’. They provide limiting
values of gravitational potential for r→ 0 and r→ ∞. For large stars-in a box
models, r0 ∼ 0.2 Rstar. This setup is applied to model very extended, variable
and stochastically pulsating stars, such as cool giants and red supergiants. Note
that the size of granules is very different for solar-like and giant stars, it scales
with the pressure scale height (Freytag et al, 2002).
3. energy conservation
∂E
∂ t
=−∇ · (υ (Ei+P))− 12∇ ·ρυ
2υ +Qrad+Qvisc (10)
where E is the total energy density, i.e. the sum of internal Ei and kinetic Ekin en-
ergies, Qvisc is the viscous dissipation term and Qrad is the radiative term, which
is expressed as:
Qrad =−∇ ·Frad = 4pi
∫ ∞
0
αν(Iν −Sν)dΩdν (11)
here the intensity I comes from the solution of radiation transport equation, which
is done separately on a system of rays for different outgoing directions. Radiative
transfer calculations are very expensive in 3D, because it is necessary to compute
several radiative ray directions for every convective time step in the RHD com-
putation. Therefore the radiation field is computed using opacity bins, which are
constructed by sorting all (line plus continuum) opacities into groups according
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to their amplitude (Nordlund, 1982):
Qrad ≡ ∑
n=1,nbins
(Jbin−Bbin)wbin, (12)
where J and B are the mean intensity and the Planck function, and each quantity
in this equation refers to a ’bin’ rather than to a wavelength. wbin is the weight
of each bin, computed as a sum of the weights of individual wavelength points
in a bin. Note that in this definition, one assumes that the Planck function does
not vary much across a bin. Modern codes (such as Stagger) use up to 12 opacity
bins, which sort the opacities according to magnitude and wavelength.
There are several codes available for 3D RHD modelling: the Copenhagen Stagger
code (Nordlund and Galsgaard, 1992), MuRAM (Vo¨gler et al, 2005), BIFROST
(Gudiksen et al, 2011), CO5BOLD (Freytag et al, 2012; Chiavassa et al, 2011),
ANTARES (Muthsam et al, 2010). All these codes are capable of simulating stellar
convection in the box-in-a-star regime. The CO5BOLD code also supports the star-
in-a-box simulations of stellar convection.
In the box-in-a-star regime, the physical domains of the simulations cover a rep-
resentative portion of the stellar surface. Vertically, they include the whole photo-
sphere as well as the upper part of the convective layers, typically encompassing 12
to 15 pressure scale heights. Horizontally, they extend over an area sufficiently large
to host at least about ten granules at the surface. Fig. 4 shows a snapshot from a 3D
RHD simulation of the solar surface convection. The granule characterised by warm
up flowing material is surrounded by cooler inter granular lanes, in which material
sinks under the influence of gravity. Such models predict a different temperature and
pressure structure of a stellar atmosphere, especially for stellar parameters different
from the Sun. For example, at low metallicity, 1D hydrostatic models severely over-
estimate the average temperatures of the upper atmospheric layers, with profound
implications for the spectral line formation (e.g. Collet et al, 2007).
One may also use 3D RHD models is to devise smart calibration relationships,
which can be applied in 1D hydrostatic computations to better approximate the com-
plex physical processes. One of the most interesting applications is the calibration
of the mixing-length parameter, αMLT . Fig. 5 shows the behaviour of α with the
effective temperature Teff and surface gravity logg. The Teff-scale is logarithmic.
Evolutionary tracks (Paxton et al, 2011) are also indicated. The α-values are indi-
cated with colours. The solar simulation is indicated with a  and the locations of
the other simulations are shown with asterisks. In all 1D hydrostatic models (such
as MARCS, Kurucz, MAFAGS), the mixing-length is constant, and, depending on
the formulation (e.g. Bo¨hm-Vitense 1958, or Canuto and Mazzitelli 1991), it takes
values from 0.5 to 1.5. From Fig. 5, it is obvious that none of these factors are phys-
ically sensible across the full HRD. At best, a constant α could be used for the stars
very similar to the Sun, but not for any other star.
Grids of 3D models have been presented in Tanner et al (2013, 14 models),
Trampedach et al (2013, 37 models), Ludwig et al (2009, 77 models), Magic et al
(2013, 202 models). Also, spatial and temporal averages of the full RHD models
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Fig. 4 A granule in the simulation of the solar convection. The colour bar indicates temperature.
By permission from the authors (Nordlund et al, 2009) and from the publisher.
have been constructed; such models facilitate calculation of large grids of synthetic
spectra at a reasonable computation cost thus allowing to apply them in problems of
stellar abundance analysis (e.g. Caffau et al, 2011; Bergemann et al, 2012; Tremblay
et al, 2013).
StaggerGrid project (Collet et al, 2011) is a collaborative project for
the construction of a comprehensive grid of time-dependent 3D RHD model atmo-
spheres of solar- and late-type stars. The project involves several research groups
and different RHD codes.
4 Line formation and spectrum synthesis
Once we have a model providing basic thermodynamic quantities of an atmosphere
as a function of depth, it is straightforward to calculate the emergent stellar spectra.
The model spectra are then directly compared with observations and stellar param-
eters can be determined from the best-fit templates (Fig. 6).
4.1 LTE spectrum synthesis
In LTE, the calculation of model spectra can be easily done in 1D or 3D geometry,
by computing the formal solution of the radiative transfer equation along a series of
rays at different µ angles using the long- or short-characteristics methods (see e.g.
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Fig. 5 The behavior of the calibrated MLT α with Teff and gsurf (Fig. courtesy of R. Trampedach,
see also Trampedach et al 2013). The Teff-scale is logarithmic. We have also plotted evolutionary
tracks produced with the MESA-code (Paxton et al, 2011), covering the mass-range 0.65 - 4.5M,
as indicated. The dashed lines correspond to the pre-main-sequence evolution. The α-values were
interpolated linearly on Thiessen triangles between the simulations, and indicate the values with
colors as shown on the color bar. The solar simulation is indicated with a  and the locations of
the other simulations are shown with asterisks.
Hauschildt and Baron 2006). Long characteristics is preferred for detailed line pro-
files, while short characteristics is used for solving approximate radiation transport
in 3D RH simulations. If scattering is included, iterative solutions are needed, such
as variable Eddington factor (Auer and Mihalas, 1970).
In 1D LTE, very efficient and well-tested codes to compute full synthetic spectra
are SIU (Reetz 1999, Schoenrich and Bergemann 2013) and Turbospectrum (Al-
varez and Plez, 1998; Plez, 2012), SYNTHE (Kurucz, 2005). These codes were
used to compute full libraries of synthetic spectra (e.g. Murphy and Meiksin, 2004;
de Laverny et al, 2012) for stellar spectroscopy or population synthesis.
Codes that are able to compute 3D line formation in LTE include SCATE (Hayek
et al, 2011), Optim3D (Chiavassa et al, 2009), ASSET (Koesterke et al, 2008), Lin-
for3D (Cayrel et al, 2007). These codes can potentially be used to compute full
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3D grids of synthetic spectra. For example, a grid of 3D synthetic spectra has been
recently presented by Allende Prieto et al (2013).
Fig. 7 shows the CN lines computed with a 3D RHD model of a metal-poor
giant, in comparison with the 1D hydrostatic model (Collet in prep.). In addition to
a different temperature structure, temperature and pressure fluctuations in the 3D
models contribute strictly positively to the molecular number density (Uitenbroek
and Criscuoli, 2011), that is why the abundance derived from molecular lines is
lower. in Fig. 7, the CN lines in 3D provide a−0.4 dex lower abundances compared
to the 1D result.
4.2 NLTE
In NLTE, the problem of radiative transfer and thus modelling a spectrum is much
more complex. Radiative transfer shall be solved simultaneously with the rate equa-
tions, the latter provide coupling between non-local radiation field and local prop-
erties of the gas.
∂ni
∂ t
+∇ · (niυ ) =∑
j 6=i
n jPji−ni∑
j 6=i
Pi j (13)
where n is the number density of species of a certain type (e.g. atoms on the excita-
tion state i), P the total transition rates (radiative plus collisional) between the states.
Fig. 6 The basic flow chart of spectroscopic analysis .
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In the time-independent case, the left-hand term can be neglected and we recover
the statistical equilibrium (SE) equations. Even in the 1D hydrostatic case, the so-
lution of the RT and SE requires very efficient numerical schemes. In 1D, the most
widely-used codes are DETAIL (Butler and Giddings 1985 and the updated version
by Bergemann et al 2012b) and MULTI (Carlsson, 1992). The codes are stable and
efficient. Presently, they are most useful for the diagnostics and detailed analysis of
NLTE effects, especially for complex multi-electron atomic systems, like Fe I, and
applications to stellar parameter and abundance analysis of large datasets.
In 3D, MULTI3D (Botnen and Carlsson, 1999; Leenaarts and Carlsson, 2009)
and MUGA (Auer et al, 1994) are frequently used for the analysis of stellar obser-
vations. The codes have been already applied to solve line transfer problems in the
Sun and late-type stars. For example, Fig. 8 shows how the Li I line strength varies
across the surface of star in a 3D radiation-hydrodynamic simulation (Lind et al,
2013). Other interesting applications of the fully 3D NLTE framework include As-
plund et al (2003, Li I), Cayrel et al (2007, Li I), Asplund et al (2004, O I), Trujillo
Bueno and Shchukina (2007, Sr I), Leenaarts et al (2009, Ca II), (Lind et al, 2013,
Ca I, Na I). It is now also possible to perform NLTE line formation with the tempo-
ral and spatial averages of 3D models, such as done by Bergemann et al (2012) for
Fe I and Bergemann et al (2013) for Ti I and Si I lines.
In general, NLTE effects on spectral line formation are well-understood for most
of the chemical elements. The majority of species, for which spectral lines are ob-
served in the spectra of FGKM stars, are affected by NLTE over-ionization. That
means, the NLTE lines are weaker, especially if they are on the linear part of the
curve-of-growth. In this case, the NLTE effects on the ionisation balance are typi-
cally large for giants and metal-poor stars (e.g. Bergemann et al, 2012). Resonance
line scattering is relevant for strong lines of singly-ionised elements (Ba II, Sr II:
Bergemann et al, 2012a; Shchukina et al, 2009). Atomic lines of neutral species in
the IR may show emission line cores (Carlsson and Rutten, 1992; Carlsson et al,
1992). A detailed discussion of the NLTE effects in the spectral lines of different
elements can be found in Mashonkina (2013).
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Fig. 7 CN lines computed with a 3D RHD model of a metal-poor star (Collet et al. in prep).
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While the detailed solution of NLTE radiative transfer in 1D is straightforward,
this is not always simple, especially when it concerns stellar abundance analysis.
The most difficult task is usually to assemble a comprehensive model atom using the
best atomic data available for a given element. This involves mining large atomic
databases, like TOPbase and Kurucz web-servers, NIST, VALD; it is even more dif-
ficult to homogenise the atomic information, e.g. electronic configurations and level
energies, particularly when the combination of quantum-mechanical and experimen-
tal data is needed to ensure the completeness of the model atom. For those workers
in the field of observational stellar astrophysics, who are not directly involved in the
development of NLTE radiative transfer models, this is a difficult undertaking.
A simpler approach has been developed, which allows to bypass difficult statisti-
cal equilibrium calculations. The idea is to use NLTE abundance corrections, which
can be pre-computed for a large grid of model atmospheres and element abundances.
The NLTE abundance correction is then applied to a best-fit LTE abundance. Nu-
merous tests showed that the accuracy of NLTE element abundances obtained by
this method is very good.
NLTE abundance correction for a given chemical element, ∆El, is defined as:
∆El = logA(El)NLTE− logA(El)LTE (14)
i.e., it is the the logarithmic correction, which has to be applied to an LTE
abundance determination A of a specific line to obtain the correct value cor-
responding to the use of NLTE line formation.
INSPECT2 is the first project, which allows one to compute NLTE corrections
online; one may also request LTE or NLTE abundance for a measured equiva-
lent width of a spectral line, provided stellar parameters are known. The following
species are available: Li I, Na I, Ti I, Fe I/II, Sr II. Smaller databases of NLTE cor-
rections are also provided in the literature (e.g., Bergemann and Gehren 2008: Mn
I, Merle et al 2011: Mg I, Ca I).
5 Conclusions
We are now entering the new era of observational stellar astrophysics, moving away
from 1D hydrostatic models with LTE - which is known as ’classical’ approach - to
3D radiative hydrodynamics with non-LTE. The transition is slow, mostly because
of the associated computational challenges. However, the need for more realistic
models, which provide more accurate and un-biased results, i.e. fundamental stellar
parameters and element abundances, is now as urgent as never before. Large-scale
2 www.inspect-stars.net
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stellar surveys (like Gaia-ESO and APOGEE) provide observed spectra of unprece-
dented quality and pave the way to massive applications of the new models. From
the recent developments in theory, it seems that most promising approach is to com-
pute NLTE line formation with the averages of full 3D RHD models.
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Fig. 8 Variation of the equivalent width for a Li I line at 6707 A˚across a surface of a metal-poor
star; the NLTE radiative transfer was computed using the 3D RHD simulation (Lind et al, 2013).
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